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Introduction
•Metabolic rate is proportional to Mb, where M is the body mass, and b is the 
experimentally determined scaling exponent.  
•Kleiber in 1932 determined that the interspecific scaling exponent of this relationship 
was 0.75 rather than 0.67 as predicted by the surface area hypothesis.  
• Although many hypotheses have been since proposed to attempt to explain this 
scaling exponent, physiologists have been unable to formulate the theoretical 
underpinnings of this constant.  
•To make better sense of this relationship we examined it from an intraspecific (within 
one species) and inter-individual frame of reference.  
•An ideal organism to study the intraspecific scaling of metabolism is the tobacco 
hornworm caterpillar, Manduca sexta due to its large range of body sizes.  
Caterpillars grow at a tremendous rate, undergoing five larval molts, and increasing 
in mass 10,000 fold in 16 days.
•The large range of body sizes of the caterpillar was also utilized to examine the 
effect of body size on its energy extraction efficiency, efficiency of conversion of 
ingested food, and efficiency of conversion of extracted food.  
•The effect of body size on the food conversion indices of M. sexta have already 
been examined by Hayes and colleagues (1992) and Reynolds and colleagues 
(1985).  They, however, only examined this relationship in 5th instar caterpillars.  
•We therefore examined the effect of body size on the food conversion indices in 4th 
and 5th instar caterpillars in order to determine if there were any dramatic changes 
occurring to the caterpillar’s food conversion physiology during the molt.
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Methods
Animals:        Larval tobacco hornworm caterpillars (M. sexta) were reared from eggs 
(Carolina Biological Supply, NC) on prepared artificial diet (Carolina) consisting of  
approximately 80 percent water.  The M. sexta were raised in individual 16 oz. plastic 
containers in a growth chamber set at 26 C and a 16 h light – 8 h dark cycle.
Respirometry:       An ‘open-system’ respirometry system was used to determine the 
caterpillar’s metabolic rate. Air was pumped at a flow rate of 400 ml min-1 through an 
animal chamber and a 10 mL drying column of magnesium perchlorate before being 
analyzed by an IRGA CO2 analyzer (Qubit, Model No. S15X). Assuming an RQ of 
0.85, the caterpillar’s CO2 production was converted from units of part per million 
CO2 to units of L O2 consumed per mL of gas.   These measurements were taken 
in an environmental chamber set at a constant temperature of 27 C. 
Food Conversion Indicies: Methods described in Figures 3 and 4.  
Abstract
To address the relationship between the body size and physiology of the 
tobacco hornworm caterpillar, Manduca sexta, we examined its metabolic rate and 
food conversion indices across the caterpillar’s instars. In order to make better sense 
of the allometric relationship between body size and metabolic rate, we examined 
the inter-individual variation in this relationship of 20 individual caterpillars. We found 
dramatic variation in the mass exponent between the different individual caterpillars 
ranging from a mass exponent of 0.68 to 0.95, with a mean mass exponent of 0.83.  
When the metabolic data of all 20 caterpillars were combined we determined that the 
mass exponent was 0.83.  
Based upon the amount and energy of the food eaten, feces produced, and 
weight gain, the effect of body size on food conversion indices were calculated daily 
for 4th and 5th-instar Manduca sexta caterpillars. The caterpillar frass of 3rd and 4th 
day 5th instar caterpillars had 8% less energy than the frass of 4th instar and 1st and 
2nd day 5th instar caterpillars . The energy extraction efficiency decreased from 80% 
on day 1 of the 4th instar to 62% on the final day of the 5th instar. 
Results
•In examining the relationship between body size and metabolic rate we constructed a body size-metabolic rate plot from 
the data obtained from 20 caterpillars (Figure 1).
•We next decided to breakup this data from all 20 caterpillars to each respective caterpillar in order to determine the 
variability in the scaling relationship between the individual caterpillars.  There was profound variation seen in the scaling 
exponent between the different individual caterpillars, ranging from a scaling exponent of 0.68 to 0.95 with a mean scaling 
exponent of 0.83 ± 0.07 s.d. (Figure 2, Table 1).
•The food conversion indices defined in the methods section were calculated daily for 4th and 5th instar Manduca sexta
caterpillars.  The caterpillar frass of 3rd and 4th day 5th instar caterpillars had 8% less energy than the frass of 4th instar 
and 1st and 2nd day 5th instar caterpillars (Figure 3). 
Figure 1:  The effect of body size on the 
metabolic rate of the tobacco hornworm 
caterpillar, Manduca sexta. Regression 
equation: log(metabolic rate) = 
0.8193(log(Mass))+1.3052.  R-squared 
=0.93.  N=20 caterpillars (137 total 
measurements)
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Figure 2:  The effect of body size on the metabolic rate of 
M. sexta caterpillars #1-6.  Scaling exponents, constants 
and correlation coefficients of each regression analysis is 
listed in Table 1.  N=6 caterpillars.
•The AD decreased from 80% on day 1 of the 4th instar to 62% on the final day of the 5th instar.  
The ECD did not change significantly with increased body size.  The ECI meanwhile remained 
constant at 60% up to the first day of the 5th instar where it dropped to 37% by the final day of the 
fifth instar (Figure 5). 
Figure 3: The energy content of the frass of 4th and 5th instar M. 
sexta larval caterpillars. The total energies of the caterpillar frass 
were determined through the use of a plain oxygen bomb 
calorimeter (Parr, Series 1300).  In order to create a food pellet, the 
samples were dried in an oven (100 C) to constant mass, and then 
were made wet with ethylene glycol. N=3 caterpillars for each stage, 
except N=2 for 4th day 5th instar caterpillars (ANOVA, p=0.1047).  
Error bars=SEM
Figure 5: Food conversion efficiencies of 
fourth and fifth larval Manduca sexta. The 
food consumed and frass produced over a 
24h period by each of the 9 caterpillars 
tested was measured by weighing.  The 
indices of food conversion efficiency are 
defined as follows: 
-Approximate Digestibility (AD) =(E-F)/E, 
-Efficiency of Conversion of Ingested Food 
(ECI)=100P/G, 
-Efficiency of Conversion of Digested Food  
(ECD)=100P/(E-F),
where E = energy of food eaten, F = energy 
of frass produced, G = wet wt. of food 
eaten, H = wet wt. of frass produced, and P 
= wet wt. gain of insect (Slansky and 
Scriber, 1985). (ANOVA, AD, ECI -
p=0.000001; ECD - p=0.0597).
N=measurements on 9, 5, 8, 7, and 4 
caterpillars for 4th instar (day 1) through 5th 
instar (day 3) respectively.
Table 1:    The exponents, constants, and correlation coefficients for 
the allometric relationship between body size and metabolic rate 
(metabolic rate=a(mass)b) of 20 individual Manduca sexta caterpillars.  
N is the number of measurements taken of each individual caterpillar. 
 N a b R
2 
Caterpillar 1 6 1.391 0.684 0.96 
Caterpillar 2 8 1.339 0.795 0.97 
Caterpillar 3 7 1.345 0.823 0.97 
Caterpillar 4 7 1.375 0.845 0.99 
Caterpillar 5 7 1.303 0.948 0.998 
Caterpillar 6 6 1.315 0.933 0.96 
Caterpillar 7 6 1.334 0.712 0.94 
Caterpillar 8 6 1.268 0.815 0.90 
Caterpillar 9 6 1.322 0.838 0.94 
Caterpillar 10 6 1.318 0.754 0.97 
Caterpillar 11 5 1.312 0.908 0.96 
Caterpillar 12 7 1.331 0.801 0.94 
Caterpillar 13 7 1.252 0.902 0.96 
Caterpillar 14 6 1.231 0.854 0.96 
Caterpillar 15 7 1.384 0.749 0.91 
Caterpillar 16 9 1.251 0.766 0.93 
Caterpillar 17 7 1.206 0.896 0.93 
Caterpillar 18 8 1.224 0.886 0.94 
Caterpillar 19 7 1.285 0.834 0.95 
Caterpillar 20 7 1.296 0.742 0.91 
 
 
 
    
Discussion
•Few studies in the past have examined the inter-individual variation of traits in a population, even 
though this is the variation that natural selection acts upon.  
•In order for natural selection to act upon a given trait: 
-the trait must express variation across a population 
-there must be differential reproductive success across the population based upon the
variation in the trait 
-the trait must be heritable. 
•Our findings of variation occurring in the scaling exponent of the metabolic rate – body size curve 
satisfies one of the above conditions necessary for natural selection to act upon metabolic rate.  
•There has been up to present conflicting evidence regarding the link between metabolic rate and 
fitness (Crnokrak et al., 2002; Johnson et al., 2001), and the heritability of metabolic rate (Garland 
et al., 1990; Nespolo et al., 2003).  
•Future work will thus need to examine the heritability of metabolic rate in caterpillars, and the 
relation of the caterpillar’s metabolic rate to its fitness.
•The fact that there is variation in metabolic rate at the individual level hints to the possibility that 
Kleiber’s constant may not be real, since the constant would be based upon two levels of variation: 
the inter-individual and inter-specific.
•There appeared to be a decrease in the energy of the caterpillar frass as the caterpillar grew from 
4th to 5th instar.  The large error seen in the caterpillar frass of 4th day 5th instar caterpillar frass is 
most likely due to a low sample size. 
•The ADs of the 5th instar caterpillars was similar to the findings of Hayes and colleagues (1992).  
The AD of the 4th instar caterpillars continues the decline in AD already seen in 5th instar 
caterpillars (Hayes et al., 1992). 
•The ECD and ECI findings are preliminary due to them being based upon the wet wt. rather than 
the dry wt. of the food and frass.  They thus merely show the general trend expected if the dry 
weights of the variables had been taken. 
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